Purpose: To assess layer-and location-specific retinal thickness deficits in autosomal dominant optic atrophy (ADOA) using Spectralis SD-OCT. Methods: This cross-sectional study included 41 ADOA patients with OPA1 exon 28 (2826delT) mutation [age, 8.6-83.5 years; best-corrected visual acuity (BCVA), 8-89 Early Treatment Diabetic Retinopathy Study (ETDRS) letters] and 55 mutation-free first-degree relatives as healthy controls (age, BCVA,(80)(81)(82)(83)(84)(85)(86)(87)(88)(89)(90)(91)(92)(93)(94)(95)(96)(97)(98)(99). Participants underwent routine examination and optical coherence tomography (OCT) with segmentation of the whole retina, inner retinal layers (IRL) and outer retinal layers (ORL). Individual segmentation was performed of the perifoveal retinal nerve fibre layer (RNFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), retinal pigment epithelium (RPE) and the peripapillary RNFL. Combinations of layers and sectors were tested for their diagnostic significance. Only right eye data are presented. Statistical analysis was adjusted for age, gender, spherical equivalent, axial length and family clustering in a mixed model analysis. Results: The perifoveal RNFL, GCL, IPL and the peripapillary RNFL were all significantly thinner in ADOA patients than in healthy controls (p < 0.0001). No statistical difference was found for other layers. The most prominent and diagnostically most valuable deficit was found in the GCL (À49.9%) in the 'nasal inner macula' (NIM) sector (À63%). Attenuation of the peripapillary RNFL was most significant in the temporal sector (À58.4%). Conclusion: In ADOA, retinal ganglion cells are most prominently reduced in the nasal perifoveal area of the GCL, which together with the temporal peripapillary RNFL area serves as the strongest diagnostic OCT marker.
Introduction
Autosomal dominant optic atrophy (ADOA) was first described in 1959 by the Danish ophthalmologist Poul Kjer, hence the alternative designation:
Kjer type optic atrophy. Denmark has the highest prevalence of this condition (1:10 000) compared to a world average of 1:50 000 (Delettre et al. 2002) . Autosomal dominant optic atrophy (ADOA) is the most common inherited optic neuropathy. It is essential for the physician to get a thorough family history in order to detect new cases. This disease is challenging because it is heterogeneous and hence difficult to ascertain from its clinical presentation alone. Clinical variability is pronounced both within and between families (Delettre et al. 2002) .
The major locus has been traced to chromosome 3q28-29 where the gene responsible for the most common form of ADOA is OPA1. This gene encodes a dynamin-related GTPase that is expressed on the inner mitochondrial membrane. The GTPase is involved in the maintenance of mitochondrial morphology (Lenaers et al. 2012) . Mutations can lead to the loss of GTPase function and induce cell apoptosis. Due to its mitochondrial origin, ADOA may also be syndromic and include extra-ocular symptoms such as hearing loss (Skidd et al. 2013) .
Typically, ADOA is diagnosed in the first decade of life, usually presenting as a moderate decrease in visual acuity that in rare cases can be severe. The most important ophthalmoscopic finding is a symmetric optic atrophy with temporal pallor of the optic disc. The most common visual field defect is a cecocentral scotoma. Colour vision deficits are common, with blue-yellow dyschromatopsia in most patients (Skidd et al. 2013) .
Early histopathological and electrophysiological studies suggested that the crucial underlying defect in ADOA is a primary degeneration of the retinal ganglion cell with ascending optic atrophy (Delettre et al. 2002) .
More recent SD-OCT studies (Cirrus HD-OCT) support these findings, showing decreased thickness of the peripapillary RNFL and ganglion cell -inner plexiform layer (GC-IPL) in ADOA patients compared to healthy controls (R€ onnb€ ack et al. 2013; Barboni et al. 2014) . These studies were limited, however, in that full segmentation of all the layers of the retina was unavailable. No major studies have analysed and described all retinal layers and sectors individually in relation to ADOA. Therefore, the question remains: Which retinal layer and sector, or combination of sectors, are most telling for the diagnosis ADOA?
A Heidelberg Spectralis study performed exclusively on healthy individuals showed that the ganglion cell plus inner plexiform layer thickness is greatest in the parafoveal retinal area, particularly nasal to the fovea, due to the papillomacular bundle (LoDuca et al. 2010) .
As the primary pathology in ADOA is located in the papillomacular bundle, finding a layer and sector with no overlap and high contrast between ADOA patients and healthy controls is essential to clarifying the disease and improving the value of OCT.
The purpose of this study was to resolve these questions using SD-OCT (Heidelberg Engineering) on the same patients described by R€ onnb€ ack et al. (2013) , patients who carry this specific OPA1 mutation.
Materials and Methods

Participants
This study was a cross-sectional observation of 15 Danish families with an experimental group of 41 ADOA patients and a control group of 55 healthy, first-degree relatives. Patients and relatives were recruited from the National Eye Clinic register. Written informed consent was obtained from all participants (from the legal guardian for those under age 18). The study was approved by the Medical Ethics Committee of Copenhagen County and followed the tenets of the Declaration of Helsinki (R€ onnb€ ack et al. 2013) . For sake of simplicity, all patients selected for the study have the exon 28 (c.2826_2836delinsGGATGCTCCA) mutation in OPA1 on chromosome 3q28.
Inclusion criteria for both patients and control group members:
• age ≥8 years • right eye refractive error within AE7 dioptres spherical equivalent Patients were required to have no history of eye disease other than ADOA. Controls were required to have right eye visual acuity ≥80 ETDRS letters, and no OPA1 mutation.
The study examined 115 participants, all living in Denmark. Nineteen were excluded either because they lacked scans of both eyes, the presence of the mutation could neither be confirmed nor denied, or they failed to meet the basic inclusion criteria. Our study only included the right eye, as the difference between right and left happened to be inconsequential.
Procedures
All participants underwent ophthalmic examinations including slit lamp, fundoscopy, applanation tonometry, refractioning, optical axial length measurements, automated perimetry, SD-OCT and determination of the BCVA using the ETDRS procedure. Spectral domain optical coherence tomography (SD-OCT) was used to gain an improved visualization of various retinal layers and measure their thicknesses using the manufacturer's software (HEIDELBERG EYE EXPLORER version 1.9.10.0). Auto-segmentation, with manual adjustment by an experienced operator (NC), enabled measurement of the thickness of the following macular layers: retina, RNFL, GCL, IPL, INL, OPL, ONL, RPE, 'IRL' and 'ORL'. The peripapillary RNFL was also measured.
The images were acquired in the HEIDELBERG EYE EXPLORER software by typing the name or Danish identification number of the participant in the search box. The images of the macular layers were acquired by right-clicking on the participant's name, after which 'Segmentation Batch' ? 'All layers' was selected from the drop down menu choices. Then the software auto-segmented the data. For each eye, one could click on the 'Thickness Profile' icon and open 25 images. However, these images were uncorrected, and the auto-segmentation software produced suboptimal demarcation of the retinal layers, especially for ADOA patients. As such, each image was corrected manually to achieve accurate results. After this manual correction, one was able to read off the thickness of the previously specified retinal layers by use of the 'Thickness Map' tab. However, the peripapillary scans with one image per eye did not require any correction.
From the thickness map of each retinal layer, as measured around the fovea, data were grouped as nine macular sectors within three concentric grids of 1.3 and 6 mm diameter, as defined by the ETDRS.
The central grid (Sector 1) represented the central foveal area. The second grid was subdivided into superior (Sector 2), nasal (Sector 3), inferior (Sector 4) and temporal (Sector 5) inner macula areas. The third grid was subdivided into superior (Sector 6), nasal (Sector 7), inferior (Sector 8) and temporal (Sector 9) outer macula areas.
The 6 mm grids fit nicely inside the 6 9 6 mm 2 macular cube with little exception (portions of Sector 9 were impossible to fit). The deviation was a minute fraction of the total area, and any effect it may have had on the results was inconsequential.
From thickness maps generated from all participants, a mean thickness was found in each of the nine macular sectors and in each of the individual layers by averaging thickness measurements of ADOA patients and healthy controls separately. The thickness of a macular layer for each participant was based on an average of eight sectors, as sector 1 was not included. A mean thickness was also found in the six peripapillary RNFL sectors.
Once a mean was established for both ADOA patients and healthy controls, the relative difference between the two groups was calculated as a percentage.
Statistical analysis
Statistical analysis was performed using the SAS 9.1 software package (SAS Inc., Cary, NC, USA). The level of statistical significance was set at p < 5%, thus determining 95% confidence intervals. p-Values were adjusted for age, gender, spherical equivalent, axial length and family clustering in a mixed model analysis using Bonferroni correction.
Data in the tables are presented as mean values AE2 standard deviations (SD) and full ranges.
Results
This study compared the thickness of the retina as a whole to the thickness of the separate retinal layers and sectors of 41 ADOA patients with 55 of their healthy first-degree relatives. The study found fundamental differences between the two groups. All retinal layer thicknesses are given in micrometre units (lm).
Comparison of the distributions of age and BCVA showed a significant difference between ADOA patients and healthy controls. Best-corrected visual acuity (BCVA) was substantially lower in ADOA patients than in healthy controls (p < 0.0001). Although the range was greater in the ADOA group, the BCVA of ADOA patients far from matched the vision of healthy controls (Table 1) .
The difference between total retinal thickness in ADOA patients and controls was also sizable. The mean retinal thickness in ADOA patients was merely 274.3 (95% CI, 270.7-277.9), compared to 323.9 (95% CI, 320.3-327.5) in controls.
When it came to the individual retinal layers, it was remarkable that the inner layers were significantly thinner in ADOA patients, except for the INL (p < 0.0001) ( Table 2) .
Retinal nerve fibre layer
The mean thickness of the RNFL measured around the fovea was 17.0 (95% CI, 16.2-17.8) in ADOA patients, and 30.2 (95% CI, 29.4-31.0) in healthy controls. The percentage of reduction of the perifoveal RNFL mean thickness in ADOA compared to controls was À43.7%. Thus, the thickness of the perifoveal RNFL was almost twice as great in controls compared to ADOA patients (Fig. 1) .
The greatest perifoveal deficit (À62.7%) was found in the 'nasal outer macula (NOM)' sector, and the least (À8.4%) in the 'temporal inner macula (TIM)' sector. The neighbouring temporal sector was where the most prominent deficit was found in the peripapillary RNFL scan.
All six sectors of the peripapillary RNFL were significantly thinner in the ADOA= autosomal dominant optic atrophy, GCL = ganglion cell layer, INL = inner nuclear layer, IPL = inner plexiform layer, IRL = inner retinal layer, ONL = outer nuclear layer, OPL = outer plexiform layer, RNFL = retinal nerve fibre layer, RPE = retinal pigment epithelium. 95% reference range = mean AE 2 standard deviations (SD). *p-Values were adjusted for age, gender, spherical equivalent, axial length and family clustering in a mixed model analysis using Bonferroni correction. group of ADOA patients than in the control group (Table 3) . The mean peripapillary RNFL thickness was 64.8 (95% CI, 60.5-69.1) in ADOA patients and 107.2 (95% CI, 104.4-110.0) in healthy controls. The average percentage of reduction of the peripapillary RNFL thickness in ADOA patients compared to controls was most evident in the temporal and inferotemporal sectors (mean ratio À58.4% and À52.6%, respectively). The least reduction was in the nasal and superonasal sectors (mean ratio À32.7% and À19.3%, respectively).
The perifoveal and peripapillary results showed that the RNFL was thinnest in the papillomacular bundle in ADOA patients compared to healthy controls.
Ganglion cell layer
This was also the case with the GCL. Autosomal dominant optic atrophy (ADOA) patients had a ganglion cell mean thickness of 22.3 (95% CI, 21.1-23.5), whereas it was 44.5 (95% CI, 43.5-45.5) in controls, meaning that the relative reduction in mean thickness was À49.9%, which was the greatest difference found compared to other inner retinal layers (Fig. 2) . The mean GCL thickness was significantly less in all macular sectors compared to the control group (p < 0.0001) ( Table 2) .
Even more specifically, the most prominent relative deficit was found in the 'NIM' sector (À63%) followed by the 'TIM' sector (À59.2%). In the 'NIM' sector, the thickness range was 11-34 in ADOA patients and 41-66 in healthy controls. Thus, there was no overlap between these two populations, with a difference of at least 7.
Combining adjacent sectors [NIM + NOM, 'inferior inner macula' (IIM) + 'inferior outer macula' (IOM), 'superior inner macula' (SIM) + 'superior outer macula' (SOM) and TIM + 'temporal outer macula' (TOM)] gave us average reductions in thickness of À53.7% (NIM + NOM), À51.4% (TIM + TOM), À48.2% (IIM + IOM) and À46.1% (SIM + SOM), respectively.
Both analyses confirmed the crucial significance of the nasal perifoveal area of the GCL in finding the most characteristic difference between the ADOA group and the group of healthy controls. 
Inner plexiform layer
The thickness of the IPL was another of statistical importance. The mean thickness was 21.4 (95% CI, 20.8-22.0) in ADOA patients and 35.9 (95% CI, 35.1-36.7) in controls, meaning that the relative reduction in thickness was À40.4% (Fig. 3) . The 'NIM' sector was again the most pronounced one with a deficit of À49.5% in ADOA patients relative to healthy controls, followed by the IIM sector with a deficit of À48.5%. The 'NIM' sector had thickness ranging from 18-31 in ADOA patients to 36-52 in healthy controls. Here, again there was no overlap between groups, with a separation of at least 5.
Overlap analysis -RNFL, GCL and IPL
There was one overlap for the perifoveal RNFL. There was no overlap for the layers GCL and IPL, and all sectors in which GCL and IPL were involved. The contrast between ADOA patients and healthy controls was greater for the GCL and the "NIM" sector than for the IPL. Therefore, the GCL was more important with respect to finding a solid diagnostic hot spot (Fig. 4) .
There was no significant difference in mean thickness for the INL, OPL, ONL, RPE and 'ORL'.
The mean thickness of the INL was 35.6 (95% CI, 34.3-36.9) in ADOA patients and 36.4 (95% CI, 35.8-37.0) in the controls; for the OPL, 30.3 (95% CI, 29.4-31.2) in ADOA patients and 31.2 (30.4-32.0) in the controls; for the ONL, 67.4 (95% CI, 65.4-69.4) in ADOA patients and 66.4 (95% CI, 64.7-68.1) in the controls; and for the RPE, 17.6 (95% CI, 16.7-18.5) and 17.2 (95% CI, 16.1-18.3), respectively.
Only the photoreceptor layer could not be segmented in the Heidelberg software program. However, one can reasonably conclude that there was no difference in the thickness of the individual photoreceptor segments in the two groups because there was no significant difference in the combined 'ORL'.
Discussion
We used Heidelberg OCT scans to examine the difference between 41 already diagnosed ADOA patients and 55 of their mutation-free, firstdegree relatives in this cross-sectional study of a genetically homogenous, OPA1 2826delT population. Our results confirm that the RNFL, GCL and IPL are significantly thinner in ADOA patients than in their healthy relatives. We found no significant difference in other layers.
Primarily, we found a pronounced perifoveal GCL thickness deficit, especially concerning the 'NIM' sector. The GCL was the layer with the highest contrast in thickness between ADOA patients and healthy controls, and with no overlap considering all sectors. However, for the IPL there was also no overlap between ADOA patients and healthy controls, but the complete IPL and its involving sectors had a less pronounced relative thickness deficit compared to the GCL. With the highest relative deficit of À63.0%, the 'NIM' sector of the GCL was found to be a diagnostic hot spot in ADOA.
A significant thinning of the GCL and IPL was also seen in previous Cirrus OCT studies (R€ onnb€ ack et al. 2013; Barboni et al. 2014) . Furthermore, these studies showed that the nasal part of the perifovea was of high diagnostic value. However, they only considered the GCL united with the IPL. This study was special in that the GCL and IPL,as wellas their sectors,were separated by the HEIDELBERG EYE EXPLORER software and estimated individually. Except for the photoreceptors, this was also true for the other retinal layers. It made it possible to specify that the most characteristic finding in ADOA patients on a high-resolution SD-OCT image was a thinning of the GCL perifoveal nasal area. Furthermore, peripapillar RNFL thinning was greatest temporally and then inferotemporally, and least nasally and superonasally. This finding differs slightly from the results of R€ onnb€ ack et al. (2013) that found the most prominent deficit to be in the inferior peripapillary quadrant followed by the temporal quadrant. However, several other studies shared the conclusion that the temporal part of the peripapillary RNFL had the greatest level of thinning compared to other peripapillary quadrants (Yu-Wai-Mann et al. 2011; Barboni et al. 2014; Park & Hwang 2015) . One study even suggested that the temporal quadrant RNFL was already preferentially affected in ADOA patients regardless of disease severity (Park & Hwang 2015) . Furthermore, the reduction of the temporal peripapillary RNFL has been found to be associated with a reduced blood flow in the temporal optic disc in ADOA (Inoue et al. 2016; Himori et al. 2017) . These findings were also consistent with the characteristic wedge of temporal pallor observed clinically in ADOA.
Surprisingly, we found that the superonasal sector, and not the nasal sector of the peripapillary RNFL, had the least thinning. This finding may be attributed to slight differences in the classification of the peripapillary sectors in Heidelberg OCT and Cirrus HD-OCT, where there were six sectors instead of four quadrants, and therefore complicated comparison of the results.
This study was special because it included the perifoveal RNFL and analysed the GCL, IPL, INL, OPL, ONL and the RPE individually. We tested the combination of all possible layers and sectors to find the best diagnostic marker in ADOA. To our knowledge, this was the largest ADOA study (with 96 participants) performed on Heidelberg OCT with complete division and analysis of all layers segmentable using HEIDELBERG EYE EXPLORER software.
A few other studies have been performed on Heidelberg OCT, but with much smaller populations (Schild et al. 2013; Cesareo et al. 2017 ). Contrary to (Schild et al. 2013) , we found that the IPL was indeed substantially thinner in ADOA patients than healthy controls. Furthermore, we established that there was no overlap between these two populations for the IPL.
Recently, Cesareo et al. (2017) confirmed that the IPL was significantly thinner in ADOA patients. Their study also found that the RNFL and the GCL were notably thinner in ADOA patients than healthy controls. However, they concluded that the OPL and ONL were significantly thicker in the ADOA group, which our study could not confirm. They also found that the INL was significantly thinner in the ADOA group. Consistent with our expectations, taking histopathology of the disease into account, the measurement of INL and ORL was insignificant.
Our study supports previous ones indicating that the primary pathology points to atrophy of ganglion cells of the retina specifically, particularly those originating in the papillomacular bundle. The IPL consists partially of ganglion cell dendrites. The cell bodies of the ganglion cells are in the GCL, and their axons form the RNFL.
The strength of our study was its size and the use of manual correction before measuring layer thickness. The study performed by Cesareo et al. 2017 used auto-segmentation without correction, but in our case it was evident that manual correction played a crucial role in producing accurate results.
One weakness of our study was that it only analysed a specific mutation type. What remains unknown is if our results are valid for other OPA1 mutations and in other populations carrying the same mutation type. Therefore, we encourage independent studies to verify our chief findings.
Furthermore, a cross-sectional design limited our ability to describe a disease with such a high inter-and intravariability. We agree that the natural history of ADOA can only be characterized properly by a long-term longitudinal followup study (Barboni et al. 2014) .
Additionally, we only compared ADOA patients to healthy first relatives. Our results were not compared to other optic neuropathies with similar clinical features, such as Leber hereditary optic neuropathy (LHON). Comparisons of ADOA to LHON patients, and even to glaucoma patients, using high-resolution OCT imaging, are interesting topics for future investigation.
This ADOA study contributes to our field of science by simplifying diagnosis and identifying a strong diagnostic tool. Not only have we shown that retinal ganglion cells are lost selectively in ADOA, as only the three inner layers of the retina are affected but that GCL is the most critical layer. When using Heidelberg OCT for diagnosis, one could argue that it is sufficient to examine the thickness of the GCL, more precisely, the nasal perifoveal area. This study promotes the diagnostic value of SD-OCT regarding this disease with strong variable expressivity. This clarification brings us another step closer to finding a cure.
